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Abstract
Light pollution has had a significant impact on ground-based telescope observations in recent
years. As the night sky brightness continues to increase, astronomers are looking for new ways to
combat this growing problem. According to the International Dark Sky Association (IDA), “An
important part of solving the problem of light pollution is to have a thorough understanding of its
magnitude, and a great way to do that is to measure the brightness of the night sky” [1]. The night
sky brightness of surrounding Butler University is measured using the Holcomb Observatory 0.95meter Cassegrain telescope. Different types of filters were used at various hour angles and
declination angles to see how exactly the night sky brightness is affecting astronomical
observations. The filters being used are B, V, R, I, and Hα. It was hypothesized that the sky
brightness levels surrounding Butler University will have a significant impact on the data obtained
from the B, V, R, and Hα filters, while the I filter will not be as affected from the sky brightness
when capturing images due to city lighting mostly being in the visible part of the spectrum. Based
on the results of the observations, the hypothesis was correct. The I filter is least impacted by the
sky brightness of Butler University and captures images almost as well as if it were observing a dark
sky site. It is recommended to continue using the filters in infrared band passes for observations
to combat light pollution in the sky around Butler University, and to potentially acquire an infrared
optimized camera to keep the Holcomb Observatory productive for astronomical research.

Introduction
Starlight falls everywhere on the surface of Earth. The job of an astronomical telescope is to
capture this light from space, focus it onto a CCD detector, and to produce an image. The detector
must be able to see and digitize the starlight before an astronomer can use it to learn about what is the
celestial object [2]. Light can be described in various ways. They are described as “rays that travel in
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straight lines, as waves of electromagnetic energy, and as particles called photons” [2]. These
descriptions of light being a ray, a wave, and a particle are correct since light exhibits properties
characteristic of these three descriptors, but none of them fully explain what light is on their own.
They all are valid in characterizing some aspects of light’s behavior [2].
At the heart of every astronomical observation is the photon flux, the core of the observed
image that describes what is being observed. Photon flux is the rate at which photons arrive from
space to a telescope’s mirrors. For astronomers, capturing the photons from their intended object of
interest is crucial in their analysis of that object’s properties and characteristics. Photon noise, light
that comes from an unintended source during the observation, such as the sky background, can limit
the accuracy and reliability of a given image. Therefore, astronomical observations occur at night,
where potential photon noise from the sky is significantly lower, and faint objects in the night sky can
be analyzed [2]. When conducting observations, astronomers hope to have as many photons from the
target in their signal as possible. The more photons that can be present in a signal, the better the signal
quality will be [2]. However, if there exists a significant amount of noise within a signal, then the signal
quality, and hence the image quality, will decrease. The signal-to-noise ratio (SNR) was invented by
communications engineers to quantify signal quality. The ratio is the signal divided by the noise. The
greater the SNR, the better the image quality [2]. The sky brightness affects SNR by increasing the
noise of the night sky. With a bright sky, the difference between the signal of a star and the signal of
the sky background will be smaller than in dark sky conditions, meaning that the SNR will be smaller
in a bright sky than a dark sky. These conditions are not optimal, since it is better to have a higher
SNR, and thus, achieve a better image of the observed body of interest (like for a star). The formula
of the SNR is expressed below in Equation 1:
𝑺𝑵𝑹 =

𝑺
√𝑺 + 𝑩

.

(𝟏)
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The variable S represents the mean value of the signal (like a star for example) and √𝑆 + 𝐵 is the
uncertainty in the signal value plus the additional brightness of the surrounding sky background.
Equation 2 below outlines the value of the SNR when accounting for the signal of the surrounding
sky background, 𝐵, and when 𝐵 is significantly smaller than the signal of a star.
𝑺𝑵𝑹 =

𝑺
√𝑺 + 𝑩

≈ √𝑺.

(𝟐)

On the other hand, if the surrounding sky background, 𝐵, is significantly larger than the signal of the
star, 𝑆, than the result of the SNR will be what is shown in Equation 3 below:
𝑺𝑵𝑹 =

𝑺
√𝑺 + 𝑩

≈

𝑺
√𝑩

.

(𝟑)

Within a given image, the signal is not the same at all places. Increasing the count of a signal
being measured will increase the SNR. If the sky brightness increases, the magnitude difference
between the light from a star and the sky background will decrease, resulting in a lower SNR.
Ultimately, having a higher SNR is what astronomers aim to achieve.
Sky brightness is the amount of light from the sky, measured in magnitudes per square
arcsecond. One arcsecond is equivalent to 0.000278 degrees. According to the Bortle Dark-Sky Scale
shown in Figure 1 and Figure 2, “a numeric scale that measures the night sky’s naked eye brightness
and stellar limiting magnitude of a particular location,” the sky brightness of a typical true dark sky
site ranges from 21.89-21.99 mag/arcsec2 [3]. Figure 1 most likely reflects measurements of the night
sky brightness in the V band.
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Figure 1. The Bortle Scale for various sky conditions. Each sky site description is labeled with a numeric value, with 1
being an indicator of an excellent dark sky site and 8-9 indicating the brightness profile of a city sky. The filter most likely
used to obtain these brightness values is a V filter [3].

Figure 2. A map of the United States Midwest showing the level of intensity of night sky brightness. The zoomed-in circle
outlines the area of the city of Indianapolis and its night sky brightness profile [4].
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Figure 3. A detailed map of the city of Indianapolis and the zenith sky brightness values (measured in magnitude/arcsec 2).
The image is based on an overlay from the World Atlas 2015 sky brightness guide. The sky brightness is greater as the
zenith value decreases as seen by the figure [5].

Telescopes use filters to select the wavelength and bandwidth of light that reaches the detector.
There are many different uses for filters. Filters can color images at the standard red, green, and blue
wavelengths, isolate wavelength ranges for accurate scientific photometry, isolate specific spectral lines
from astronomical sources, cut light from mercury, sodium, and neon lamps, and reduce chromatic
aberration in telescopes and lenses [2]. The Holcomb Observatory mainly uses the following filters
for night sky telescope observations: Blue (B), Visual (V), Red (R), Infrared (I), and H-alpha (Hα).
The B filter has an effective bandwidth from 377 nm to 473 nm and an effective wavelength of 417.5
nm. The V filter has an effective bandwidth from 490 nm to 589.2 nm and an effective wavelength of
525 nm. The R filter has an effective bandwidth from 567.3 nm to 717.1 nm and an effective
wavelength of 604.5 nm. The I filter has an effective bandwidth from 721.8 nm to 889.8 nm and an
effective wavelength of 804 nm. On the other hand, the Hα filter is an emission line interference filter,
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which means it has a very narrow passband and allows only the strongest of the spectral lines from a
hydrogen atom, which is only at the wavelength of 656.3 nm [6]. Nebulae and galaxies are mainly
composed of hydrogen gas. When energetic stars hit the hydrogen atoms in these concentrated
clusters of gas, it strips off electrons and forms a plasma. Because of this, the plasma glows, which
means the nebulae and galaxies that can be seen in the night sky emit a strong signal of light at the
wavelength of 656.3 nm, the wavelength the Hα filter can detect [7]. Below in Figure 4 and Figure 5,
the range of wavelengths each filter can absorb is observed.

Figure 4. Graph of the Astrodon photometrics Johnson-Cousins filters for UV, B, V, Rc, and Ic wavelengths. The
observations conducted in this thesis were not performed with a UV filter. The graph outlines the effective bandwidth for
each filter [8].
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Figure 5. Graph of the Astrodon 3 nm narrowband Hα filter. This filter only allows wavelengths around 656.3 nm to
pass through the detector [9].

Since different filters determine what type of light reaches the detector, the sky brightness will
vary from filter to filter. Generally, the magnitude of brightness is greatest in the B filter, followed by
the V, R, and I filter, respectively. The graph in Figure 6 shows this trend of sky brightness with
various telescope filters. It is important to note that the data graphed in Figure 6 is from a very dark
sky. As the solar flux increases, the night sky brightness measured in mag/arcsec2 decreases for the B,
V, and R filters, outlining an inverse relationship. However, this means that the brightness of the sky
is increasing since the overall sky is getting brighter from the solar flux. On the other hand, the I filter
night sky brightness value stays relatively constant with an increase in solar flux. Figure 6 shows that
infrared light is always brightest at this dark site (the San Pedro Martir Observatory). While the solar
flux is increasing, the B, V, and R filters have a greater change in mag/arcsec2 than that of the I filter,
which is not affected by an increase in solar flux. In general, the I filter blocks out all visible light and
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only lets infrared light in. This implies that a change in the solar flux did not affect the amount of
infrared light that was detected by the CCD detector but did change the relative amount of visible
light.

Figure 6. Graph of night sky brightness versus solar flux. As the solar flux increases, the night sky brightness value
(mag/arcsec2) will decrease, which means that the sky is actually getting brighter and trending toward the bottom of the
graph. In addition, the magnitudes are logarithmic, so 1 magnitude equals a factor of 2.5 and 5 magnitudes equals a factor
of 100 [10].

A major concern that can impact night sky observations is light pollution. According to the
International Dark Sky Association (IDA), “Light pollution is the inappropriate or excessive use of
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artificial light” [11]. While light pollution is not as well known or talked about as land, water, or air
pollution, it can have serious consequences on the environment, affecting humans, wildlife, and the
Earth’s climate. There are several different components of light pollution. The IDA states that these
include glare, skyglow, light trespass, and clutter. Glare is excessive brightness that causes visual
discomfort. Skyglow is the brightening of the night sky over inhabited areas. Light trespass is light
falling where it is not intended or needed. Clutter is bright, confusing, and excessive groupings of light
sources [11].
The present, industrial nature of our society is a major cause of light pollution. The sources of
light pollution, according to the IDA, can include interior and exterior lighting in buildings,
advertising, commercial properties, offices, factories, streetlights, and illuminated sporting venues [11].
In many cities and metropolitan areas across the United States, the night sky can be hundreds of times
brighter than a natural, starlit sky. This skyglow can hide stars from being detected and can prevent
society from experiencing a natural night, Even in areas that are hundreds of miles away from urban
centers, the skyglow from light pollution can hide stars and celestial objects from being detected,
ultimately hindering society from having dark, natural nights [1].
According to the IDA, a good majority of humanity’s outdoor lighting that is used for the
nighttime is either “inefficient, overly bright, poorly targeted, improperly shielded, and in many cases,
simply unnecessary” [11]. Additionally, this is not a local issue sequestered to only one part of the
world. Most of the Earth’s population either lives directly under, close to, or near light-polluted skies.
Light pollution’s effects are universal, making it an international concern. According to the World

Atlas of Artificial Night Sky Brightness, more than 80% of the world’s population lives under light
polluted skies. Also, the United States and Europe are more affected by this issue, with 99% of their
citizens experiencing skyglow at night [11]. The authors of the World Atlas study ominously stated
regarding light pollution that “humanity has enveloped our planet in a luminous fog that prevents
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most of Earth’s population from having the opportunity to observe our galaxy. This has a consequent
potential impact on culture that is of unprecedented magnitude” [12]. Light pollution is prevalent in
large urban settings, including in the city of Indianapolis. The Holcomb Observatory at Butler
University is one of many locations across the United States that must adapt its observing techniques
based on its residing location. The goal of this thesis is to measure the night sky brightness of Butler
University using the Holcomb Observatory, understand what the brightness levels mean in the context
of a traditional dark sky, and propose the best possible methods to continue night sky observations at
the Holcomb Observatory.

Current Study and Hypothesis
The aim of this study is to determine the night sky brightness around Butler University and
learn how it impacts telescope observations at the Holcomb Observatory. I predict, that due to its
location in downtown Indianapolis and its proximity to many structures around Butler University’s
campus, the night sky brightness measured at Holcomb Observatory will have a substantially negative
effect on telescope observations in the B, V, and R filters, but will be much better suited for filters
that are more resistant to changes in night sky brightness (such as the I filter).

Method
The night sky brightness in and around the Butler University campus was measured, and this
data will be used to determine which telescope filters are best utilized for night sky observations. The
Holcomb Observatory located on Butler University’s campus will be used to measure the night sky
brightness. The main telescope is a 0.95-meter Cassegrain. It is a two-mirror telescope, consisting of
a primary and secondary mirror. The primary mirror has a parabolic shape and gathers light in the
same way a refractor gathers light using its objective lens. The secondary mirror has a hyperbolic
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shape, which reflects the light back through a hole in the primary mirror. The instruments and eyepiece
are located near the focus behind the telescope. Figure 7 below shows a line diagram of a Cassegrain
telescope.

Figure 7. A schematic of a Cassegrain-telescope. The parabolic primary mirror is on the right with a hole in the middle
of it, and the hyperbolic secondary mirror is on the left. The secondary mirror reflects the light back down through the
hole in the primary mirror. The folding and diverging effect of the secondary mirror creates a telescope with a long focal
length while having a short tube length [13].

The camera used on the telescope (shown in Figure 8) is a narrow field charged couple device
(CCD), which is a type of electronic sensor that can detect light over a broad range of wavelengths,
and that offers both high quantum efficiency and low noise. In addition, dark current and
nonuniformities in optical sensitivity can be subtracted or divided out, thereby minimizing these
shortcomings. Figure 9 shows the midband and broadband absolute quantum efficiency for the FLI
Proline 230 Camera. Our telescope at Butler University uses the midband camera, so the line of
interest in the graph is the one colored in blue.
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Figure 8. The camera used for the Holcomb Observatory telescope. It is a FLI Proline 230 Midband Camera. The camera
has a peak quantum efficiency of 93%. Its typical dark current is <0.2 e-/pixel/sec at -35-degrees C and it has a typical
maximum cooling of 65-degrees C below ambient. The typical system noise is 9 to 10 e- RMS at 500 kHz and a digitization
speed of 500 kHz. It is a grade 1 camera with no anti-blooming and has a non-linearity of <1% and a full well capacity of
150,000 e- [14].

Figure 9. The absolute sensor quantum efficiency for the FLI Proline 230 Midband Camera (shown in blue). The peak
quantum efficiency of the camera is at a value of 93%. The camera is most efficient roughly in the range of 500-700 nm.
The camera is below 50% efficient when it is observing values at a wavelength less than 400 nm and greater than 870 nm
[14].

When measuring the night-sky brightness, various filters will be used to measure the light
intensity as mentioned previously. These will include the B, V, R, I, and Hα. The observations will
take place over two different days and utilize an hour angle (HA) at zero and four, while the declination
angle (Dec) will range from 85 to -35 degrees. In astronomy, the HA and Dec are two angles used to
locate a point on the celestial sphere in the equatorial coordinate system. The HA is the angle between
two planes, one containing Earth’s axis and the zenith, and the other containing Earth’s axis and the
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given point being measured. On the other hand, the declination angle is measured north or south of
the celestial equator, along the hour circle (the circle through the point in question and the two celestial
poles) passing through the point being observed in the sky. The exposure time for each captured
image during observations is 60 seconds. Exposure time is simply the length of time that the camera
sensor is exposed to light.
The telescope images are processed for noise by using flat dark frames, bias frames, and flat
frames. Creating these frames and calibrating them with observed images allows the observer to filter
out unnecessary noise that does not contribute to the true image being measured.
According to The Handbook of Astronomical Image Processing, “Making a dark frame is the
same as making an exposure except that the camera shutter is kept closed so that no light reaches the
detector. Most CCD cameras and digital cameras support making dark frames so that the user can
remove the dark current pattern” [2].
The handbook also states, “Bias Frames are images with zero exposure time and no light.
Making them is simple: close the mirror petals on the telescope, close the shutter on the camera, and
make the shortest integrations your camera allows… Because they have little or no dark current and
no photon-induced signal, bias frames are uniform, recording principally the random noise
contribution from the sensor’s on-chip amplifier. However, because they are so very bland, bias frames
reveal noise that might otherwise escape detection” [2].
Lastly, the handbook explains flat frames: “Flat-field frames map the relationship between the
intensity of light coming from the sky and the response of each pixel on the sensor. To make a flat
frame…shoot an image of a featureless subject. If the light is uniformly distributed across the
telescope aperture and spread uniformly in angle, the resulting image records not only how much light
came through the optics and struck each pixel, but also how each pixel responded to the light falling
on it. The flat must be an exact record of how light passed from the telescope when you were making
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images” [2]. There are four basic options for flats (twilight, sky, dome, and light-box), but for the
purpose of this thesis sky flats were used for calibrating images. The handbook says, “Sky flats are
made from images of the night sky itself” [2]. The Carolyn Hurliss Online Institute for Continuing
Education in Astronomy (CHOICE) outlines that ultimately, flat frames compensate for many
different things, such as obstructions, reflections, and other problems in the path that light travels
from the time it enters the telescope to when it hits the CCD sensor [15].
The combination of dark frames, bias frames, and flat frames help calibrate an image and
reduce the SNR value.
Another important factor in calibration is attaining a reference background brightness of the
night sky to obtain and compare it to the brightness measured by Holcomb Observatory. A known
star field, Landolt Field 100, was used to calibrate the background data and ultimately convert the data
from analog to digital units (ADUs) to magnitude per square arcsecond. The formula outlined in
Equation 4 is used to calculate the magnitude per square arcsecond of the night sky:
𝑺 = −𝟐. 𝟓 𝐥𝐨𝐠 𝟏𝟎

𝑩
+ 𝒁.
𝑨

(𝟒)

The variable 𝑆 represents the surface brightness, 𝐵 is the brightness of the sky, 𝐴 is the area,
and 𝑍 is zero-point magnitude [16]. This formula will also be applied to the data from Holcomb
observatory to obtain the sky brightness at Butler University. The results section will discuss the
comparison between the sky brightness of a typical dark sky site and the sky of Butler University.
Data collection resulted from scheduling time to conduct night sky observations at Holcomb
Observatory. My thesis advisor, Dr. Murphy, scheduled time for me to perform observations with the
telescope, due to his expertise with the telescope and since his primary research is conducted at the
Holcomb Observatory, additionally through the Southeastern Association for Research in Astronomy
(SARA) telescope consortium.
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The nighttime observations of the night sky brightness were largely weather-dependent and
based on the telescope’s availability. The data was collected during the month of March 2021. The
data was collected and analyzed by using various software tools available through the Butler University
Physics and Astronomy Department.

Participants
I, Austin Jacks, am the primary participant in this study. My thesis advisor, Dr. Brian Murphy,
assisted me in using the Holcomb Observatory and in completing this thesis. Elise Merchak and Sera
Shaughnessy assisted me in taking observations and collecting night sky brightness data at the
Holcomb Observatory.

Procedure
Observation Procedure
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Prior to opening the dome, take Bias and Dark image calibration frames.
Open the telescope dome prior to sunset.
Roughly 20 minutes after sunset, obtain twilight Flat calibration image frames in each filter.
Link the telescope to the dome.
Set the image count to three.
Set the exposure time to 60 seconds.
Slew the telescope to the correct HA and Dec values.
Select the correct filter to use for the observations.
Change the file name for each filter and for the different values for HA and Dec.
Run telescope.
Repeat steps 5-8 for different filters and values for HA and Dec.

Analysis Procedure
1.
2.
3.
4.

Open Maxim DL 6.
Open all files for a specific filter type for a night of observations.
Go to Process -> Set Calibration.
Insert the dark frames for the specific night of observations. If there were no darks taken for
that specific night, use darks from the closest night observed possible to the given night.
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5. Insert the bias frames for the specific night of observations. If there were no bias frames taken
for that specific night, use bias frames from the closest night observed possible to the given
night.
6. Insert the flat frames for the specific night of observations. The flats should match the filter
type being analyzed. If there were no flats taken for that specific night, use flats from the
closest night observed possible to the given night.
7. Select Ok on Set Calibration.
8. Go to Process -> Calibrate All. All the opened images in Maxim DL 6 should now be
calibrated.
9. Go to Process -> Stack. In the Select tab, click the dropdown arrow, and change it to Add
Images.
10. Click on Add Images. Select three images of the same HA and Dec values in the given filter
type. Click Ok.
11. Click on the Combine tab. Change the combine method to Sigma Clip. Make sure the FITS
format is selected to IEEE Float. Click Go. A new image should appear that stacked the three
images.
12. Move cursor to the stacked image. Drag a rectangular area over a portion of the image. Make
the rectangular area does not enclose a star or bright celestial object. This could possibly
interfere with the results.
13. Record the brightness magnitude and standard deviation.
14. Repeat steps 2-13 for a different filter type on the same night of observations.
15. Repeat procedure for a different night of observations.
Figure 10 below shows the computer window used to control the telescope at the Holcomb
Observatory. A remote desktop connection was used through Radmin Viewer and connected a
personal laptop to the computers inside the Holcomb Observatory, enabling the laptop to control the
telescope and its various functions.
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Figure 10. A picture of Radmin Viewer showing the user interface for controlling the main telescope at Holcomb
Observatory. The windows that are open include the filter wheel to change the respective filters before taking observations,
the mirror petals, the camera, the file explorer, and Maxim DL (the program used to process the captured images).

Results
The figures and tables below outline the results obtained from the observations at Holcomb
Observatory. The data was collected on the dates 3/2/2021 and 3/7/2021.
Figure 11 shows the trend that as the declination angle decreases from 85 degrees to 40 degrees
(the zenith angle) at an hour angle of zero, the night sky brightness decreases. Also, it shows that as
the declination angle continues to decrease from the zenith angle to -20 degrees, the night sky
brightness increases. Out of the five filters, the I and Hα filters experienced the lowest brightness
values when compared to the B, V, and R filters. The reason why the Hα filter experiences low
brightness values is because it is a narrow-band filter, meaning it can only let in a small amount of
light other than the emission line that goes through it at 656.3 nm.
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Figure 11. Magnitude of Sky Brightness v.s. Declination angle data taken on the night of 3/7/2021 at HA=0 hrs. As seen
by observing the graph for the three color filters (B, V, and R), the sky brightness was greatest when using the R filter and
least when using the B filter. The I filter and the Hα filter both exhibited miniscule change in their magnitude as the
declination angle changed. Changes in the values of night sky brightness do not have a great effect on the readings for the
I filter and Hα filter, but does for the B, V, and R filters.

Table 1. Magnitude of Sky Brightness Data for 3/7/2021 at HA=0 hrs
Date: 3/7/2021 HA=0 hrs
Declination
85
70
55
40
25
10
-5
-20

B
1555
1355
1290
1296
1399
1626
2037
2863

V
4025
3206
3185
3095
3439
4197
5465
8096

R
4341
3504
3436
3391
3751
4779
6108
9450

I
691
596
557
563
597
677
815
1098

Hα
184
184
189
194
200
209
228
267
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Figure 12 shows the trend that as the declination angle decreases from 85 degrees to 55 degrees
at an hour angle of four, the night sky brightness stays constant. Then when the declination continues
to decrease from 55 degrees to 40 degrees, the magnitude value increases. This change in trend from
the previous data is mainly due to the change of the hour angle from zero to four. However, like the
previous data, the I and Hα filters experienced the lowest brightness values when compared to the B,
V, and R filters. In Table 2, the two values highlighted in yellow were omitted from the graph since
they were statistical anomalies and significant outliers to the rest of the data. The reason for this was
due to an error in the measurement procedure for these values. Observations were taken during heavy
cloud coverage at these declinations, affecting the outputted magnitude values.

Figure 12. Magnitude of Sky Brightness v.s. Declination angle data taken on the night of 3/7/2021 at HA=4 hrs. In Table
2 below, the values highlighted in yellow were omitted from the graph. This is due to error in the telescope readings, which
resulted from taking observations in heavy cloud coverage. As seen by observing the graph for the three color filters (B,
V, and R), the sky brightness was once again greatest when using the R filter and least when using the B filter. The I filter
and the Hα filter both exhibited miniscule change in their magnitude as the declination angle changed. Similar to Fig. 11,
the values of night sky brightness do not have a great effect on the readings for the I filter and Hα filter, but does for the
B, V, and R filters.
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Table 2. Magnitude of Sky Brightness Data for 3/7/2021 at HA=4 hrs
Date: 3/7/2021 HA=4 hrs
Declination
85
70
55
40
25
10
-5
-20

B
1580
1528
1558
1692
1967
2432
3401

V
4080
4117
4104
4571
5340
6819

R
4646
4740
4651
5382
6155
8037

I
732
744
758
836
951
1868

Hα
216
216
218
226
263

Figure 13 shows the general trend that as the declination angle decreases from 85 degrees to
55 degrees at an hour angle of zero, the night sky brightness decreases. Also, it shows that as the
declination angle continues to decrease from 55 to -20 degrees, the night sky brightness generally
increases. Again, out of the five filters, the I and Hα filters experienced the lowest brightness values
when compared to the B, V, and R filters. In Table 3, the row highlighted in yellow was omitted from
the graph since they were statistical anomalies and significant outliers to the rest of the data. The
reason for this was most likely due to the telescope pointing at the dome instead of the night sky while
taking images.
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Figure 13. Magnitude of Sky Brightness v.s. Declination angle data taken on the night of 3/2/2021 at HA=0 hrs. In Table
3 below, the values highlighted in yellow were omitted from the graph. This is due to error in the telescope readings, which
most likely resulted from taking observations with a misaligned dome. As seen by observing the graph for the three color
filters (B, V, and R), the sky brightness was once again greatest when using the R filter and least when using the B filter.
The I filter and the Hα filter both exhibited miniscule change in their magnitude as the declination angle changed. Similar
to the previous figures, the values of night sky brightness do not have a great effect on the readings for the I filter and Hα
filter, but does for the B, V, and R filters.

Table 3. Magnitude of Sky Brightness Data for 3/2/2021 at HA=0 hrs
Date: 3/2/2021 HA=0 hrs
Declination
85
70
55
40
25
10
-5
-20
-35

B
1441
1298
1240
1277
729
1648
1898
2591
4107

V
3178
2793
2662
2812
1493
3459
4558
6497
10845

R
3398
2962
2792
3020
1630
3704
4883
6971
12131

I
650
573
539
644
430
675
832
1227
1666

Hα
209
208
202
192
181
210
226
253
322
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Figure 14 shows the general trend that as the declination angle decreases from 85 degrees to
70 degrees at an hour angle of four, the night sky brightness decreases. Also, it shows that as the
declination angle continues to decrease from 70 to -20 degrees, the night sky brightness generally
increases. Again, out of the five filters, the I and Hα filters experienced the lowest brightness values
when compared to the B, V, and R filters. However, the I filter did experience a few instances where
its brightness was higher than the B filter, as seen by the graph at -5 degrees and -20 degrees
declination. The reason for this possible graph shape could be due to inaccuracies in the observations
taken at these declination angles.

Figure 14. Magnitude of Sky Brightness v.s. Declination angle data taken on the night of 3/2/2021 at HA=4 hrs. As seen
by observing the graph for the three color filters (B, V, and R), the sky brightness is greatest when using the R filter and
least when using the B filter. The Hα filter exhibited miniscule change in its magnitude as the declination angle changed.
For this graph, the I filter line crossed the B filter line and experienced a greater change in magnitude than the previous
figures. This is not what is to be expected to be the magnitude readings for the I filter. This is potentially due to error in
the telescope readings, which could have resulted from heavy cloud coverage during observation time. The values of night
sky brightness does not have a great effect on the readings for the Hα filter, but does for the B, V, R, and I filters.
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Table 4. Magnitude of Sky Brightness Data for 3/2/2021 at HA=4 hrs
Date: 3/2/2021 HA=4 hrs
Declination
85
70
55
40
25
10
-5
-20

B
1531
1521
1539
1623
1866
2281
3077
3065

V
3332
3218
3218
3402
3999
5204
7363
7296

R
3553
3410
3387
3647
4249
6352
9385
9205

I
688
682
685
736
871
2134
3528
3639

Hα
220
219
219
222
235
267
312
313

The images below are taken from Maxim DL 6. These are a few images taken from the data
on 3/7/2021 of each filter type (B, V, R, I, and Hα) at angles HA=4 and Dec=85. The images shown
in Figures 15, 17, 19, 21, and 23 are for each filter type without any image calibration, while the images
shown in Figures 16, 18, 20, 22, and 24 are calibrated with the necessary bias, dark, and flat frames.
The white steaks shown on each image are stars in the night sky. Figures 16, 18, 20, 22, and 24 show
that the quality of the images in Figures 15, 17, 19, 21, and 23 can be greatly improved after calibration.
Calibrating the image removes noise and any unwanted signals from the observation. Based on
observing the images, it can be noted that the infrared filter shows the most stars and is least hindered
by noise from other light sources.
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Figure 15. Uncalibrated image of the night sky using the B filter on 3/7/2021 at HA=4 and Dec=85.

Figure 16. Calibrated image of the night sky using the B filter on 3/7/2021 at HA=4 and Dec=85. The calibration involved
using dark, bias, and flat frames to filter out any unnecessary signal noise from the image.
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Figure 17. Uncalibrated image of the night sky using the V filter on 3/7/2021 at HA=4 and Dec=85.

Figure 18. Calibrated image of the night sky using the V filter on 3/7/2021 at HA=4 and Dec=85. The calibration
involved using dark, bias, and flat frames to filter out any unnecessary signal noise from the image.
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Figure 19. Uncalibrated image of the night sky using the R filter on 3/7/2021 at HA=4 and Dec=85.

Figure 20. Calibrated image of the night sky using the R filter on 3/7/2021 at HA=4 and Dec=85. The calibration
involved using dark, bias, and flat frames to filter out any unnecessary signal noise from the image.
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Figure 21. Uncalibrated image of the night sky using the I filter on 3/7/2021 at HA=4 and Dec=85.

Figure 22. Calibrated image of the night sky using the I filter on 3/7/2021 at HA=4 and Dec=85. The calibration involved
using dark, bias, and flat frames to filter out any unnecessary signal noise from the image.
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Figure 23. Uncalibrated image of the night sky using the Hα filter on 3/7/2021 at HA=4 and Dec=85.

Figure 24. Calibrated image of the night sky using the Hα filter on 3/7/2021 at HA=4 and Dec=85. The calibration
involved using dark, bias, and flat frames to filter out any unnecessary signal noise from the image.
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Figure 25 and Table 5 below show the calibration field values for calculating the reference
dark site night sky brightness values. The brightness data that was obtained from the tables above
were used to calculate the brightness observed at Holcomb Observatory for each filter, shown in
Table 6.

Figure 25. The field center reference stars (100 280 and 100 394) used for calibrating the observations obtained at the
Holcomb Observatory [17].

B
V
R
I

100 394
mag
12.701
11.384
10.679
10.043

100 394
ADU
2.22E+05
1.00E+06
2.14E+06
1.59E+06

Table 5. Calibration Field Data for B, V, R, and I Filters
Calibration Field
100 280
100 280
394
280
394 – Z0
mag
ADU
Instrumental Instrumental
12.293 2.96E+05
-10.12
-10.43
22.82
11.799 6.76E+05
-11.55
-11.13
22.93
11.504 9.92E+05
-12.26
-11.42
22.94
11.213 5.38E+05
-11.89
-10.71
21.93

280 -Z0

Z0

22.72
22.92
22.93
21.92

22.77
22.93
22.93
21.93

The Brightness Factor column in Table 6 shows the factor of how much brighter the sky in
Indianapolois is when compared to a dark site. As shown by Table 6, the B filter is most affected by
the night sky brightness change from the dark site to Holcomb Observatory, then the V filter and the
R filter. As hypothesized, the I filter is least affected by the change in the night sky brightness from a
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traditional dark site to the sky brightness surrounding the Holcomb Observatory. The data shows the
I filter is the best choice to use for performing astronomical observations at Butler University. When
taking astronomical observations, stars tend to be dimmer in the B filter and brighter in the R filter
and I filter. This means that the B filter is the worst filter when it comes to measuring the signal
coming from a star. The I filter is the best, even though the sky background is the same when measured
in magnitudes.

B
V
R
I

Table 6. Brightness Data Comparisons for Holcomb Observatory
Dark Site Values
Relative Flux
Full Moon
Holcomb
(Magnitudes)
22.7
0.08
19.5
19.43
21.8
0.17
20.0
18.65
20.9
0.40
19.9
18.55
19.9
1.00
19.2
19.49

Brightness
Factor
20.26
18.23
8.71
1.45

Discussion
Based on the results obtained, it can be concluded that the best filter to use currently to
conduct astronomical observations at the Holcomb Observatory is the I filter. The brightness values
obtained from the I filter were least affected by the change in sky background brightness between a
typical dark site and the Indianapolis night sky. This confirms the thesis hypothesis that the I filter is
better suited for telescope observations at Butler University than the B, V, and R filters.
The sky brightness around the observatory can be attributed to different light sources
throughout Butler University’s campus, as well as from the surrounding area of the city of
Indianapolis. Many of the lights used at night are LED lights, which contribute to the overall night
sky brightness. Figure 26 below shows a graph of two different kinds of white LED lights which are
common in the city of Indianapolis. As shown by the figure, the LED lights relative flux values affect
telescope observations around 450 nm and between 550-650 nm. The B, V, and R filters used for
telescope observations capture light at these wavelengths, meaning that white LEDs will have a great
effect on the accuracy of these readings if these filters are used. The I filter, on the other hand, is
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relatively unaffected by the relative flux of the white LEDs since its wavelength of photon capture is
beyond the range of the LEDs’ wavelength range. This reinforces the importance of using the I filter
for conducting telescope observations at the Holcomb Observatory.

Figure 26. A graph comparing different kinds of white LED lights that shows the relation between the wavelength of the
lights and their relative flux. As seen by the graph, cool white LEDs have a higher relative flux at lower wavelengths than
the warm white LEDs. However, at higher wavelengths around the 550-650 nm range, the warm white LEDs have a
higher relative flux than the cool white LEDs. In general, these LED lights can generate noise for telescope observations
using the filter B, V, and R. Despite this, the relative flux of the LED lights will be inconsequential when using an I filter
since its wavelength range is beyond the range of the LED lights’ wavelength range [18].

For the continued use of the Holcomb Observatory for astronomical research, it is
recommended to use the I filter for astronomical observations. In addition, installing an infrared
optimized camera in the telescope would greatly benefit taking observations with the telescope, as a
camera designed to capture images at the infrared wavelength would be beneficial to Butler
University’s astronomical research, and not be limited by the sky brightness surrounding the
observatory. With Butler University, the city of Indianapolis, and its surrounding suburbs continuing
to grow, the amount of artificial light polluting the night skies will only increase. If Holcomb
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Observatory wants to continue to be a place for exploration and innovation, then it needs to combat
light pollution by looking for celestial bodies in the infrared wavelength.
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